effects at realistic exposure levels is of immediate concern.
Benzene is a well-characterized human carcinogen and
The genotoxicity of benzene seems to be mediated by clastogen still present in both the occupational and general multiple metabolites acting on multiple sites and in a synergistic environment. However, the levels of benzene encountered fashion (5) . Benzene can be metabolized to give ringtoday are, in most cases, relatively low and new methods, hydroxylated and ring-opened metabolites with genotoxic more specific and sensitive than classical cytogenetics, are properties such as clastogenicity and aneugenicity (6) . Howprobably needed to assess if current benzene exposures ever, little is known about the genotoxicity of benzene and, in pose a genotoxic risk to human health. Bearing in mind particular, its leukaemogenic activity at actual human exposure the leukaemogenic action of benzene, blood lymphocytes levels in the workplace. appear to be a suitable cell system for biomonitoring Bearing in mind the leukaemogenic potential of benzene, studies. Buccal epithelium is an alternative source of tissue peripheral blood lymphocytes can be considered a cell system for monitoring human exposure to inhaled occupational and relevant for biomonitoring benzene-exposed workers. Recent environmental genotoxicants. New molecular cytogenetic studies have suggested that high frequencies of chromosomal techniques allowing us to specifically study clastogenic or aberrations in peripheral lymphocytes are predictive of aneugenic events in human cells may provide the additional increased cancer risk in humans (7, 8) . Buccal epithelium sensitivity required. In the present study, fluorescence in provides an alternative source of tissue for monitoring human situ hybridization was used to examine the content of exposure to occupational and environmental genotoxins (9) .
micronuclei (MN) (using the pan-centromeric DNA probe
This tissue is on the direct route of airborne pollutants such SO-αAllCen) in lymphocytes and buccal cells and to detect as benzene and it can metabolize proximate carcinogens numerical abnormalities of chromosome 9 (using a chromo- (10, 11) . In addition, buccal cells can be rapidly and easily some 9 centromere-specific alphoid DNA probe) in buccal sampled by brushing the buccal mucosa. Additionally, previous cells from a population occupationally exposed to benzene studies conducted in our laboratory showed increased cytoin an Estonian petrochemical plant. Age-matched Estonian genetic damage in buccal mucosa cells but not in blood volunteers were used as a control group. Individual benzene lymphocytes of formaldehyde-exposed workers (12) . It is exposure levels were estimated to be around 1 p.p.m. (8 h important to stress that 92% of all human cancers arise from time-weighted average). No increases in the frequency of epithelial tissues (13) . total MN, MN harbouring whole chromosomes or acentric Superficial buccal cells are shed continuously and are chromosomal fragments or chromosome 9 numerical replaced by cell division in the basal stem cells of the abnormalities were detected in relation to benzene exposure stratified squamous epithelium (14) . When these cells divide, in the present study. The lack of positive results was chromosome fragments or whole chromosomes can be left consistent in both buccal cells and lymphocytes, indicating behind during mitotic anaphase and appear in the cytoplasm that the benzene exposure levels encountered did not induce of daughter cells as small nuclear particles, termed micronuclei detectable clastogenic or aneugenic effects in the exposed (MN*). Chromosomes can also missegregate at anaphase to workers. Other variables and confounding factors, such as form hyper-or hypodiploid nuclei. After the cells mature and age, smoking or alcohol consumption, did not influence migrate to the surface, the cytogenetic alterations can be any of the multiple cytogenetic biomarkers analysed.
analysed from the exfoliated cells. The same cytogenetic phenomena can also be studied in blood lymphocytes after in vitro mitosis.
Introduction
New molecular cytogenetic techniques allow us to study Benzene is a well-established human and animal carcinogen, clastogenic or aneugenic events not only in peripheral lymphoinducing different types of leukaemia in humans and tumours cytes but also in buccal cells (15) (16) (17) (18) . These techniques employ in both sexes of different strains of rats and mice at multiple fluorescence in situ hybridization (FISH) to study the content of MN and the frequency of aneuploid cells. The content of be labelled by the probe, whereas MN harbouring whole CACTCTTTTTGTAGAATCTGC-3Ј. SO-αAllCen hybridizes with highly chromosomes will be positively labelled (19) (20) (21) . In addition, repetitive α-satellite DNA present in the centromeres of all human chromothe use of chromosome-specific centromeric DNA probes somes (20, 27) . The probe was synthesized with an Applied Biosystems 381A allows the detection of numerical chromosome abnormalities DNA synthesizer and labelled at the 3Ј-end using the Digoxigenin 3ЈEnd
by scoring hybridization spots in interphase nuclei (18, 22, 23 The aim of the present study was to evaluate, by these new denatured in 70% formamide in 2ϫ SSC at 70°C for 2 min and dehydrated. molecular cytogenetic methodologies, the possible genotoxic
The hybridization mixture (2.5 µg/ml probe, 500 µg/ml herring sperm DNA, effects of benzene exposure on lymphocytes and buccal cells 
Materials and methods
20. The slides were mounted in antifade solution and stored at 4°C in the dark until microscope analysis.
Workers and control persons
For chromosome 9 detection in buccal cells, both the prehybridization The benzene-exposed workers participating in the study were employed in a treatments and denaturation steps were as described above. The hybridization benzene and coke oven plant located in a petrochemical industrial complex mixture contained 20 ng/slide digoxigenin-labelled human α-satellite DNA in Kohtla-Järve, Eastern Estonia. Age-matched unexposed Estonian volunteers probe specific for chromosome 9 (ONCOR) in 65% formamide, 2ϫ SSC from Kohtla-Järve or working in the Estonian Institute of Experimental and together with 20% dextran sulphate and 500 µg/ml herring sperm DNA. Clinical Medicine were also included as a control group. All subjects were Aliquots of 15 µl of the hybridization mixture were dropped onto each slide. carefully interviewed concerning work history, state of health, smoking habit After overnight incubation, the slides were washed twice for 10 min each in and other aspects relevant to the study. Based on the interview the workers 50% formamide, 2ϫ SSC at 43°C and three times for 4 min each in 0.1ϫ were usually exposed to both benzene and coke oven emissions.
SSC at 37°C. After a 15 min incubation at 37°C with blocking reagent Blood samples for the lymphocyte analyses were collected in March 1994 containing 5% skimmed milk in 4ϫ SSC, the slides were washed once with and buccal cell sampling was performed in March 1995. The first collection 4ST buffer (4ϫ SSC, Tween-20). Detection of the probe was similar to that included 13 controls (eight males and five females) and 38 exposed individuals for the pan-centromeric probe except that the antibodies were dissolved in (31 males and seven females), whereas 15 control and 18 exposed persons 0.5% skimmed milk in 4ϫ SSC and all washes were performed in 4ST buffer. were included in the second sampling (all males).
The slides were counterstained with PI and DAPI in 4ST buffer, mounted in Individual exposure measurements antifading solution and stored at 4°C until microscopy. In addition to the March 1994 and 1995 samplings, individual exposure Microscopic analysis and scoring measurements also included a third collection in September 1994. Individual
The slides were analysed under a Leitz microscope equipped with epifluoresexposure was measured using diffusive samplers. The whole working shift cence and with a high resolution 100ϫ objective with an iris aperture. The was sampled and benzene measurements were carried out by gas chromatofrequency of MN in buccal cells was evaluated by one trained microscopist graphy with flame ionization detectors.
using the DAPI filter, scoring a total of 1500 buccal cells/donor at 1000ϫ The number of exposed workers involved in the individual exposure magnification. A sample of 1500 cells is considered to be the optimal number measurements of benzene in the breathing zone was different each sampling of cells to be scored for centromeric detection in MN of buccal cells (17 MN were located by DAPI fluorescence (UV excitation), checked with a PI Benzene levels were also measured in 10 control individuals from the March filter if necessary, and then classified as containing whole chromosomes 1994 collection. In this report, all the individual exposure measurements are (CϩMN) or acentric chromosomal fragments (C-MN) using the FITC filter given as 8 h TWA (time-weighted average), unless otherwise indicated.
(blue excitation). The classification of MN was restricted to cells whose nuclei Cell sampling showed an adequate speckled pattern of bright fluorescent yellow-green spots. When this pattern was not seen due to hyperkeratinization (~10% of buccal Buccal cells were sampled by rubbing the inside of the mouth (both cheeks) cells), the MN were classified as MN of unknown origin. In human lymphowith a toothbrush. The cells were washed three times by centrifugation at cytes, the frequency of MN was evaluated by scoring a total of 2000 cells/ 1500 r.p.m. for 10 min in a buffer solution containing 0.1 M EDTA, 0.01 M donor by two independent scorers (1000 cells/person each). The centromeric Tris-HCl and 0.02 M NaCl, pH 7.0, as recommended by Moore et al. (16) .
content of MN was analysed from a total of 50 MN/donor when possible, Volumes of 25 ml of the buffer solution in a 50 ml conical tube were used in following the criteria described above. After the FISH analysis, the lymphocyte every washing step. Then, 50 µl of the cell suspension was dropped onto slides were rinsed in Sörensen buffer, pH 6.8, until the coverslip was off and preheated (40°C) slides and allowed to air dry for 5-10 min on a slide warmer.
the antifading solution fully washed away, restained in May-Grünwald Giemsa Cell density was checked with a phase contrast microscope and the cell (MGG) solution and re-analysed under a light microscope by scoring 2000 solution was diluted in buffer solution or concentrated by centrifugation when further binucleated cells/donor. Some of the donors were not included in both necessary. Once the desired cell density was reached, a total of 16 slides were FISH and MGG analysis for technical reasons. prepared per donor, fixed in 80% cold (0°C) methanol, air dried and stored
To evaluate the number of chromosome 9 hybridization signals, 1000 buccal at -20°C until use.
cells, when possible, were classified by one microscopist for the presence of Heparinized blood was obtained by venipuncture and cultured as previously 0, 1, 2, 3 or Ͼ3 hybridization spots. The frequency of cells with chromosome described (25) . Lymphocytes were cultured in the presence of cytochalasin-B 9 numerical abnormalities was calculated as the percentage of cells with three to block cytokinesis and to identify cells after the first in vitro division by or more hybridization signals their binucleated appearance (26) . The cells were fixed, dropped onto slides and kept at -20°C until use.
Statistical analysis Fluorescence in situ hybridization and staining
Multiple analysis of variance was applied to the data obtained to detect significant effects of benzene exposure, age, sex, smoking and alcohol Centromeric FISH was performed with the SO-αAllCen probe, a synthetic 30 nucleotide oligomer DNA probe with the sequence 5Ј-GTTTTGAAAconsumption on the frequency of MN, C-MN and CϩMN in lymphocytes 
Results

Individual benzene exposure measurements
Three individual exposure measurements were conducted in the exposed workers during a period of 1 year (from March 1994 to March 1995). In the first measurement (March 1994), when the blood samples were drawn, the mean level of benzene exposure was estimated to be 4.06 Ϯ 4.75 mg/m 3 8 h TWA (1.2 p.p.m.) after analysing 25 benzene plant workers. A similar picture was obtained in the second sample (September 1994) with 21 benzene plant workers (2.71 Ϯ 4.32 mg/m 3 8 h September 1994 (27 workers) and 0.13 Ϯ 0.13 mg/m 3 8 h TWA (0.04 p.p.m.) in March 1995, with only seven workers included, although the difference was not statistically significant due to high inter-individual variability. The overall picture CϩMN) showed increased levels in the exposed population. of benzene exposure in the benzene plant and the cokery is On the contrary, there was a general trend toward lower values graphically presented in Figure 1 , clearly indicating that the among the benzene-exposed group when compared with the population of workers analysed was chronically exposed to a controls. Nevertheless, this tendency was statistically significlevel of benzene of~1.6-3.2 mg/m 3 (0.5-1 p.p.m.). The ant only for the frequency of MN after MGG (P Ͻ 0.001). benzene exposure level in the control population was estimated
The frequency of MN with the DNA fluorochrome DAPI was to be trivial as it was below the detection limit in most cases, higher than the equivalent figure with MGG, in both the control with a mean of 0.029 Ϯ 0.003 mg/m 3 (0.009 p.p.m.) with 10 and exposed populations. That was expected, as previous work donors analysed from the first sample in March 1994 (20-to showed that non-DNA-specific MGG may underestimate small 100-fold lower than the benzene-exposed workers).
light MN indistinguishable from the cytoplasmic background, Human lymphocyte analysis making MGG less accurate than DNA-specific DAPI (21) . Age, sex and alcohol and smoking habits showed no correlation As shown in Table I and Figure 2 , none of the cytogenetic variables studied (total MN with DAPI and MGG, C-MN and with the cytogenetic parameters. human carcinogen. The application of emerging molecular The efficiency of MN in detecting chromosomal aberrations induced by antiblastic chemotherapy has been reported to be cytogenetic methods in biologically based risk assessments may help to clarify the uncertainties in low dose risk assessment. In higher in lymphocytes than in buccal cells (35) . Another study showed that ethylene oxide induced chromosomal aberration this report we used the most advanced FISH methodologies to biomonitor chromosome damage in benzene-exposed humans.
in binucleated lymphocytes but no MN in buccal cells (36) . Nevertheless, the lower response of buccal cells as compared The results suggest that benzene at the level of current occupational exposure limits (~1 p.p.m., 3.25 mg/m 3 8 h TWA) with lymphocytes cannot be generalized to all kinds of exposures, since other studies have yielded opposite results, sugdoes not induce detectable numerical or structural chromosome abnormalities in buccal cells or lymphocytes. Neither the gesting, for instance, an increased frequency of MN in buccal cells but not in lymphocytes of workers exposed to formaldefrequency of MN containing chromosomal fragments or whole chromosomes nor the frequency of buccal cells with chromohyde (12) . Bearing in mind that the frequency of MN in buccal cells can be increased several fold by carcinogenic exposure some 9 numerical abnormalities showed increased values in the exposed population. On the contrary, the values were lower (37,38), buccal cells and lymphocytes may complement each other in the detection of a wide range of genotoxic effects in among the benzene-exposed workers in comparison with the controls, although this difference was significant only for the completely different biological targets. As the present study gave negative results for MN in lymphocytes and buccal cells analysis of MN using the less accurate MGG staining.
According to a recent review on benzene-induced adverse alike, it still remains unclear whether the genotoxic effects of benzene could have been detected in buccal epithelia at higher health effects (2), benzene consistently induces chromosome aberrations in human bone marrow cells and peripheral lymphoexposure levels.
In this study we observed a 13.6-fold higher baseline MN cytes at long-term exposure levels Ͼ25 p.p.m. (80 mg/m 3 ). Besides chromosomal effects, a recently published study frequency in lymphocytes (23.1 MN/1000 binucleated cells, 11.5/1000 nuclei) than in buccal cells (1.7 MN/1000 cells), showed that benzene produces gene duplicating mutations but not gene inactivating mutations at the glycophorin A locus in although the cytogenetic origin of the MN was identical in both cell types, e.g. 1/3 whole chromosomes and 2/3 erythroid precursor cells of humans exposed to exceptionally high benzene levels (72.2 p.p.m., 234 mg/m 3 ), suggesting that chromosomal fragments. Our baseline MN frequency in human buccal mucosa cells was similar to that reported by Titenkomitotic recombination is also important in benzene-induced leukaemia (29). Nevertheless, extrapolation of these studies to Holland et al. (17) using a similar methodology (1.45 MN/1000 buccal cells). However, they found 44% of MN harbouring the more usual much lower benzene exposure is rather difficult, not least considering that a decrease in the genotoxic effects chromosome fragments. The same group reported average frequencies of 1.1-1.8% of chromosome 9 numerical abnormof benzene has been reported with decreased exposure after improving working conditions (30). The use of standard alities in buccal cells (15, 16) , which is slightly higher than the frequency found in the present study (mean 0.79%). As these techniques of occupational hygiene has resulted in exposure levels falling to well below 10 p.p.m. (32 mg/m 3 ). At present, figures were obtained using a single α-satellite probe for chromosome 9, they probably mostly reflect polyploidy, in under normal circumstances, work within different fields of the petroleum industry does not involve continuous or repeated addition to trisomy and tetrasomy (18) . In spite of our negative results, it is important to keep in exposure of workers to benzene in excess of 1-2 p.p.m. 8 h TWA (3). Results of studies on structural chromosomal mind that, because of the severe health effects that have been associated in the past with benzene exposure, it is important aberrations of workers exposed to Ͻ25 p.p.m. (mainly Ͻ10 p.p.m.) are unclear (2). Although some recent reports (31) to reduce exposure to benzene to as low a level as practicable and to verify that occupational exposure limits are not being provide evidence that chromosomal aberrations of peripheral lymphocytes may occur at benzene exposure levels ഛ10 p.p.m.
exceeded. In that direction, an occupational exposure limit value of 0.5 p.p.m. (1.6 mg/m 3 ) has recently been proposed (32 mg/m 3 ), previous studies suggested that when the exposure is well below the occupational exposure limit for benzene by the Commission of the European Union (2). among other genotoxic chemicals, there is no biologically significant increase in the frequencies of chromosome aberra
